Thousand cankers disease (TCD) is a recently identified insect/fungal disease complex responsible for mortality of eastern black walnut trees, Juglans nigra, planted in non-native areas of the western United States. The presence in California of both the insect vector, the walnut twig beetle, Pityophthorus juglandis, and the fungal pathogen, a species of Geosmithia, raises concerns regarding the potential impact of the disease on commercial walnut production and the long term health of other walnut species native to California and American Southwest. Movement of the disease eastward could threaten native J. nigra populations in hardwood forests of the eastern United States. Identification of both the vector and the fungal pathogen of TCD from trees in the USDA Germplasm Collection near Davis, CA may impact ex situ germplasm management.
INTRODUCTION
Thousand cankers disease (TCD) is a recently identified insect/disease complex with implications for commercial walnut production in California, for the health of native populations of black walnut species in both the eastern and western United States (US), and for management of ex situ Juglans germplasm collections.
THE DISEASE AND VECTOR
TCD was first identified and characterized (Cranshaw and Tisserat, 2008) following observations of a novel decline of eastern black walnut, Juglans nigra, in several western US states, particularly observations by urban foresters of the rapid decline and death of J. nigra in landscape settings (Fig. 1) . Mortality of J. nigra attributed to this disease has been observed in Colorado, Idaho, Oregon Utah, and Washington, eliminating the majority of J. nigra trees from many locations where the disease has occurred. All observed cases of the disease to date are from areas outside the native range of J. nigra.
The onset of the disease is characterized by a yellowing and thinning of the foliage followed by death of progressively larger branches. In later stages large areas of the canopy can rapidly wilt. Trees are often killed within three years. A species of fungus in the genus Geosmithia has been isolated from cankers in declining trees. The myriad cankers increase in size and coalesce to girdle branches (Fig. 1) . This results in limb die back and eventually tree mortality.
The Geosmithia sp. is vectored by the walnut twig beetle, Pityophthorus juglandis (Fig. 1) . Cankers caused by Geosmithia develop around entrance holes, where the beetles either taste and leave the bark/phloem or construct brood galleries. In the final stages, the number of attacks and cankers can be enormous and cankers caused by Fusarium solani can also develop on the trunks.
Specimens of the walnut twig beetle have been collected in northern Mexico and the southwestern US, including California, for over 50 years (Bright and Stark, 1973; Wood and Bright, 1992; Seybold et al., 2009 likely native to at least parts of the region, but it has been a minor pest of small twigs and not previously associated with walnut mortality. Species of Geosmithia are commonly associated with bark beetles of hardwoods and conifers but have not previously been reported as pathogens. The extent to which this insect/disease complex will affect other species of walnut is still not clear and data are still very preliminary, but observations in California suggest that populations of native black walnut may be declining.
NATIVE POPULATIONS OF EASTERN BLACK WALNUT
If TCD spreads east it presents a clear threat to the health of native J. nigra populations widely distributed in the eastern half of the US. J. nigra is an important component of the eastern hardwood forest and is valued for both nut production and its high quality timber. Transmission of the disease from its current locations in areas where J. nigra is an introduced shade tree, eastward into J. nigra's native range is possible by 1) gradual spread eastward through a region of sporadic urban trees; 2) spread through infection of bridge species such as J. major or pecan, Carya illinoensis, native to the area at the southeastern end of the currently infected region or; 3) by transportation eastward of diseased logs for hardwood milling or firewood. It is not at all clear if the disease would be able to sustain itself within the native range of J. nigra. Climate differences could play a role. The insect vector has not been recorded from eastern states but the insect was previously of little interest and records of it were also sparse in the western states. Other insect vectors could also emerge.
COMMERCIAL WALNUT PRODUCTION IN CALIFORNIA
TCD presents several clear threats to commercial walnut production in California. Although preliminary screening and field observations to date suggest that Persian walnut, Juglans regia, the species used for nut production, may be relatively resistant to the fungus, the information we currently have is very limited. It is clear that both the insect and the fungus are present and widely distributed in the commercial walnut production regions of California and that the insect can, at minimum, attack stressed J. regia trees.
In addition, walnut orchards in California are established almost exclusively as grafted trees on either Juglans hindsii or Paradox (J. hindsii × J. regia) rootstocks. J. hindsii is readily attacked by the beetle, the fungus has been isolated from J. hindsii in California, and J. hindsii appears, in preliminary observations, to be relatively susceptible to the fungus. Very little is known about the susceptibility of Paradox. It is also not known if the beetle will perceive a grafted rootstock as a suitable target for attack, if it will transmit disease into grafted rootstocks, or what size of rootstock may be at risk. Rootstocks could be attacked in a nursery setting either before or after grafting, as young grafted orchard trees, or possibly even as mature rootstock.
TCD also presents a potential threat to the seed supply of the walnut nursery industry of California. Nurseries depend on J. hindsii seed sources to produce tens of thousands of Paradox and J. hindsii seedlings annually for California walnut orchards. Many nurseries obtain these seed from grafted trees of selected sources that yield a high percentage of Paradox hybrids but seed collected from widely distributed roadside and riparian J. hindsii trees remain an important source for some nurseries. TCD could be a threat to both proprietary nursery seed-source selections of limited distribution and to the general abundance of this important commercial resource.
NATIVE POPULATIONS OF CALIFORNIA BLACK WALNUT
The threat in California extends beyond commercial production. The southern California black walnut, J. californica, appears to be even more susceptible than J. hindsii, based on preliminary observations. Both species are important components of California ecosystems including the hillside chaparral of the southern coast and riparian habitats throughout the state. J. hindsii has long been planted as a shade tree along highways and in urban areas where it remains an important component of mature urban and rural landscapes.
GERMPLASM CURATION
TCD has implications for walnut germplasm management. Both the insect vector and the fungal pathogen are present in the USDA-ARS germplasm collection at Davis, CA and in the surrounding area. At the germplasm collection, the beetle has been collected from J. australis, J. californica, J. hindsii, J. mollis, J. nigra and J. regia (Seybold et al., unpublished data) ; the pathogen has been isolated from bark/phloem samples collected from many of these species as well (Tisserat et al., unpublished data) . The virulence of the disease complex at this location is still not clear but the potential threat is obvious and a clear cause for concern. Consideration needs to be given to methods for controlling the disease in high-value trees and to the potential to spread either the fungus or the beetle in distributed graftwood.
CONCLUSION
TCD is a recently identified insect-vectored disease caused by a fungus of a genus not previously known to have virulence. It presents a potential threat to California walnut production and to native walnut resources in the eastern US, the American west, and Mexico. It also presents new challenges and considerations in curating and distributing walnut germplasm. Fig. 1 . Walnut twig beetle, Geosmithia cankers and black walnut mortality.
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